Here, a workflow for high-resolution efficient numerical modeling of bioimpedance measurements is suggested that includes 3D image segmentation, adaptive mesh generation, finite-element discretization, and the analysis of simulation results. Using the adaptive unstructured tetrahedral meshes enables to decrease significantly a number of mesh elements while keeping model accuracy. The numerical results illustrate current, potential, and sensitivity field distributions for a conventional Kubicek-like scheme of bioimpedance measurements using segmented geometric model of human torso based on Visible Human Project data. The whole body VHP man computational mesh is constructed that contains 574 thousand vertices and 3.3 million tetrahedrons.
Introduction
At present, computerized models of real human anatomy are widely used in various research areas such as radiography, nuclear medicine, radiation protection and other [1, 2] . The same is applied to impedance simulation studies (see, e.g., [3, 4] ). Modeling of sensitivity distributions for various measurement schemes requires solving a number of well-defined computational problems using highresolution anatomically accurate 3D models. Our aim was to describe mesh generation and computational modeling techniques for bioimpedance measurements based on high-resolution anatomical models of the human body. Using finite-element models on tetrahedral meshes, unlike conventional finite-difference schemes on cubic meshes, allows taking into account tissue anisotropy thus providing more realistic description of electric properties of the human body.
Segmentation and mesh generation
The original 3D image of the human torso was derived from the Visible Human Project data as a stack of 843 567×305 color images with resolution 1×1×1 mm [5] . We started from a partially segmented data of a human torso from the Voxel-Man project [6] . These data were primarily aimed at visualization purposes and contained a significant amount of unclassified tissue. From a computational point of view, void spaces between tissues were not allowed in a segmented model. So, a further processing of the segmented data was undertaken.
Most of the segmentation process was performed manually using ITK-SNAP segmentation software program [7] . In some cases semi-automatic threshold-based approach was used for specific tissues like fat, bones and blood vessels. At the final stage we used semi-automatic post-processing algorithms for filling remaining gaps between tissues and final segmented data smoothing. These algorithms are based on mathematical morphology operations: erosion, dilation, opening and closing, connected-component labeling and Gaussian smoothing. Final steps are performed using Convert3D tool from ITK-SNAP package.
The geometrical model obtained from the image segmentation was used to create an unstructured tetrahedral mesh. For this, several approaches can be used, including marching cubes algorithm for surface reconstruction [8] , surface triangulation smoothing and coarsening [9] , 3D Delaunay triangulation, and advancing front technique for volume mesh generation [10] . Of these, we used the Delaunay triangulation algorithm from CGAL-Mesh library [11] . This algorithm permits defining a specific mesh size for each tissue and organ. So, we used a small mesh size for blood vessels and other organs and tissues with the similar geometrical features. A large mesh size was prescribed for gross tissues like fat or muscles. This approach allowed us to create computational meshes with a reasonably small number of elements still preserving the local geometric features of the segmented model.
The segmented model containing 26 labels describing major organs and tissues of the human torso and the generated mesh with 413.508 vertices and 2.315.329 tetrahedrons are shown in Fig. 1 . This mesh represents most anatomical features of the human torso. After mesh generation, we added a skin layer and multilayered electrodes to the surface of the constructed mesh. Boundary triangulation was used to create a prismatic mesh on the surface, and then each prism was split into three tetrahedrons resulting in a conformal mesh. Mesh cosmetics algorithms from the Ani3D library [12] were used to improve mesh quality. This essential step reduces discretization errors and condition number of the resulted systems of linear equations.
Mathematical model
The electrical fields generated during bioimpedance measurements are governed by the equation div( ) 0 in U = Ω ∇ C
(1) with the boundary conditions 0 ( , ) / on I S ± ± = Γ J n (2) where Ω -the computational domain, ∂Ω -its boundary, Г ± -electrode contact surfaces, n -external unit normal vector, U -electric potential, C -conductivity tensor, J -current density, I 0 -electric current, S ± -area of the electrode contacts. Equation (1) determines the distribution of electric field in the domain with heterogeneous conductivity C. Equation (2) sets a constant current density on the electrode contact surfaces. Equation (3) defines the no-flow condition on the boundary. Uniqueness of the solution is guaranteed by equation (4), where (x 0 ,y 0 ,z 0 ) -some point of the domain Ω. Discretization of the equations (1)-(5) was obtained using finite element scheme with piecewise linear elements P1 on unstructured tetrahedral meshes. The resulting system of linear equations was solved by GMRES method with second-order ILU preconditioner [13] . Several numerical experiments were performed on simplified geometrical models for a convergence study of the proposed scheme. These tests demonstrated first-order convergence on a series of unmatched meshes and nearly second order convergence on a series of nested meshes (data not shown).
Numerical results
Let us consider the Kubicek-like electrode configuration scheme [14] with a pair of current electrodes on the head and the left leg, and a pair of band voltage electrodes as depicted in Fig. 2 . Since our calculations were performed on a torso segmented model, we applied the boundary conditions at the appropriate interfaces. We defined the conductivity parameters for labeled tissues as in [15] . The simulations were performed for current frequencies 5 and 50 kHz. The computed current and potential field distributions are shown in Fig. 3 . The results of sensitivity analysis are presented in Fig. 4 and Table 1 show good quantitative agreement with that of sensitivity distribution analysis made by Kauppinen et al. [3] .
We used the proposed techniques to construct the computational mesh for the whole body model based on VHP data. The related segmented model containing 32 materials and generated mesh containing 574.128 vertices and 3.300.481 tetrahedrons are shown in Fig. 5 . 
Conclusion
In this work an unstructured mesh generation and numerical modeling technology for bioimpedance measurements is suggested. Possible applications include an analysis of sensitivity distributions for conventional (e.g., local or polysegmental) measurement schemes, as well as the development of new ones for specific purposes, optimization of electrode properties, their placement configurations and frequency spectra. Our approach enables mesh generation for high-resolution models with a significantly less number of mesh elements as compared to rectangular meshes thus reducing the computational costs.
